Conditionally averaged Navier-Stokes equations are used to describe transitional flow in adverse pressure gradient combined with a transport equation for the intermittency factor 7. A transport equation developped in earlier work has been modified to eliminate the use of a distance along a streamline. An extension of the correlations is proposed to determine the spot growth parameter in adverse pressure gradient. This approach is verified against flows over a flat plate with an elliptical leading edge.
INTRODUCTION
In turbomachinery flow, the extent of the transition zone relative to the blade chord, can be very large. This zone is characterized by the presence of turbulent spots in a pseudo-laminar flow. The spots grow in size when convected downstream at a rate which is primarily dependent on the mean flow turbulence level and the pressure gradient. The evolution of the spot growth can be quantified by the intermittency factor 7 which gives the relative fraction of time the flow is turbulent during the transitional phase. Transition models based on conditional averages calculate the state of both the turbulent spot and the laminar flow. To define the global result, a weighting, based on the intermittency factor 7, of the turbulent and the laminar conditioned average is made. If no interaction is assumed at the interfaces of the turbulent spot with the laminar flow, then the turbulent and laminar average can be calculated separately. These methods are referred to as linear combination models (e.g. Gostelow et al. (1994a) ).
This assumption is acceptable for global parameters in zero and favourable pressure gradient flow. However, in an adverse pressure gradient, the interaction at the interface of the spot cannot be neglected. Due to the entrainment of the turbulent spot, the laminar layer remains attached to the wall. In linear combination models, the laminar flow calculation will predict separation. By conditional averaging the Navier-Stokes equations, interaction terms arise which model the entrainment and prevent the laminar state from separating. The obtained averages are then linearly combined by use of the intermittency factor 7. This factor is determined bV a transport equation where the spot growth dependency on the pressure gradient and the turbulence level has been taken into account. 
NOMENCLATURE

CONDITIONED FLOW EQUATIONS
Conditionally averaged Navier-Stokes equations (Steclant and Dick, 1995) lead both for the laminar and turbulent phases in an intermittent flow to a set of equations for mass, momentum and energy. These conditioned equations differ from the original Navier-Stokes equations by the presence of source terms which are function of the intermittency factor 7. The source terms model the interaction between both phases. The mean total energy E t and mean total enthalpy during the turbulent phase are given by
where E, is the mean internal energy. flz; are stress components formed by the sum of the Reynolds stress components and the mean molecular stress components during the turbulent phase. In the same way are total heat flux components during the turbulent phase. The turbulence is modelled by the classical (low Reynolds number) k-and e-equations, but written for the turbulent conditioned averaged values. Due to the good representations for zero (ZPG), favourable (FPG) and adverse (APG) pressure gradient flow, the YangShih variant (Yang and Shih, 1993) 
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To calculate the intermittency factor 7, a transport equation has been derived by Steelant and Dick (1995) which takes into account the distributed breakdown near the onset of transition:
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where fi is a function of s,fia, K, Tu, with s the distance to the point of transition along a streamline, Pio the spot growth parameter, K the pressure gradient parameter and Tu the turbulence intensity in the free stream. The 43-function was constructed for ZPG-and FPG-flows. In this work we extend the 43-function to-APO flows.
Further we eliminate the dependence on the streamwise distance s, since this distance is difficult to define. The /3-function can be written as (Steelant and Dick, 1995) :
The function f(s) can easily be determined in the case of concentrated breakdown: (4) The correlation for fig is extended to adverse pressure gradients (K < 0) by using the experimental data of Gostelow et al. (1991) . In figure 1 , the normalised spot growth parameter is given for different acceleration parameters K and turbulence levels. For favourable pressure gradients, the data were based on the experiments of Blair (1992) . The correlations, shown in fig. 1 , are:
where "Ciao is the value for K = 0. For ZPG-and FPGflows, the present correlations for Re and 1.1 reproduce the results of the previous paper. In bypass transition, the parameter no 0 and the point of transition,defined D31 : 
where Tu is the turbulence level at the leading edge. The expression (6) is also valid for pressure gradient flow under the condition that the turbulence level is sufficiently high (Mayle, 1991) .
In order to avoid singularities in the calculations, the minimum and maximum value of 7 are set to 0.01 and 0.99. These limits are normally taken as start and end of transition in experiments. Prior to the start of transition, determined from (6), 7 is set equal to 0.01. The starting line is normal to the wall. Equation (3) then gives the evolution of the intermittency. The mechanism to let grow 7 from 0.01 to 0.99 is mainly governed by the source term 0. Equation (3) results in an almost constant distribution for 7 normal to the wall, due to the absence of a diffusive term. Physically this is not correct; 7 should attain 1 in the free stream. We did not study yet the modelling of the -y-distribution normal to the wall since not enough experimental data on 7-profiles are yet available.
RESULTS
The above equations have been used to calculate intermittent flows on an adiabatic flat plate for a zero pressure gradient (ZPG) and adverse pressure gradient (APO). The equations are solved in their steady state form by a relaxation procedure. A vertex-centered finite volume discretization combined with an upwind TVD formulation is used. Full details of the numerical method are given by Steelant and Dick (1994) .
The considered test cases are described extensively in Gostelow et at (1991 Gostelow et at ( , 1994b . The flat plate has a length of 1500mm and a thickness of 24.5mm. The upper side of the fiat plate has an elliptical shaped leading edge in order to prevent separation bubbles. The discretization of the geometry has been done using a C-mesh with 147 points in normal and 257 points in • tangential direction ( fig. 2) . In front of the plate, symmetry conditions have been applied. No-slip conditions and an adiabatic boundary condition have been used on the flat plate. Zero pressure gradient
The evolution of the intermittency factor 7 in function of Re. for SUG5K0 is shown in figure 3 . the skin friction C1 , the shape factor H and the momentum thickness 8 are given. No experimental values of Ci are available. The analytical laminar and turbulent skin friction coefficient are also plotted in the figure. The experimental evolution of the shape factor starts already to deviate from the laminar value 2.59 upstream of start of transition. Through diffusion of turbulent eddies from the main flow towards the wall, the outer region of the boundary layer is affected firstly. As a consequence, the velocity profile in the outer region tends to a turbulent one through the presence of turbulent Reynolds-stresses. This results in a decrease of the shape factor already upstream of the start of transition. This diffusion should be taken into account in the modelling by defining a normal -y-distribution. This has not yet been introduced in the model. On the leading edge, both the skin friction and the shape factor show some oscillatory behaviour. This can be attributed to irregularities in the geometrical discretization of the leading edge. We preferred to leave these irregularities in the calculations rather than to smooth them because results are very sensitive to details in the shape. Velocity profiles are shown in figure 5 . The globally averaged velocity profiles are obtained by weighting the laminar and turbulent . conditioned. values. Although the mea- bulence intensity are given in figure 6 . The Tu-level reaches a peak of 17% near the wall midway the transition zone. Only the computed profiles are shown as no experimental data are available. The positions 1 to 6 correspond with the following Re-numbers: 1: 116400; 2: 138300; 3: 162000; 4: 184700; 5: 229700; 6: 267800. We obtain here turbulence levels comparable to these in previous work (Steelant and Dick, 1995) for ZPG flows. So we are confident that also for the present test case, turbulence levels are predicted well although we cannot strictly verify this.
Adverse pressure gradient
The corresponding velocity distributions for the APGcases are given in figure 7 . The evolution of the in- Rex (Thousands) Figure 9 : 7-evolution for SUG3K6.
termittency factor 7 for SUG5K6 is shown in figure 8 . The correspondance of the numerically predicted evolution and the experimental data is very good. The test cases SUG3K6 and SUG4K5 correspond with different turbulence levels and accelaration parameters than the previous test cases, so that a good verification of the proposed correlations for Ft 4 . 7 can be obtained. Also for this cases, the 7-profiles correspond well with the experimental data ( Fig. 9 and 10 ). For these three test cases, the starts of transition are respectively Re. = 90000,123000,63450. Figure 11 gives the skin friction Cf, the shape factor H and the momentum thickness 0 for SUG5K6. Due to the adverse pressure gradient and the high turbulence level, a larger discrepancy is present for the shape factor than in the previous cases. Both the pressure gradient and the turbulence intensity enhance the diffusion of the turbulence towards the wall. Globally, the momentum thickness has the same behaviour as in the measure- Figure 10: 7-evolution for SUG4K5.
meats. As no experimental data are available, the distributions of the streamwise fluctuations are not given.
The numerical results reveal peak values of turbulence level of 25% and higher. Although we cannot make a comparison with experimental data, the obtained levels seem realistic. Velocity profiles, shown in figure 12 , correspond reasonably well with the data. The evolution of Ci, the shape factor H and Rea for the test cases SUG3K6 and SUG4K5 have a similar behaviour as the previous test cases and are not shown here.
CONCLUSIONS
By the use of conditionally averaged Navier-Stokes equations and a dynamically determined intermittency factor, a very good prediction of bypass transition is obtained. The evolution of the velocity profiles and the intermittency factor -y are in good agreement with the measured profiles. The latter is due to the new correlations for ha in adverse pressure gradients. The numerically obtained shape factor overpredicts the experiments in the beginning of the transition region. This could be improved by bringing in a variation of -y in normal direction.
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